The capacity and mechanism of the adsorption of aqueous barium (Ba), cobalt (Co), strontium (Sr), and zinc (Zn) by Ecuadorian (NatAllo) and synthetic (SynAllo-1 and SynAllo-2) allophanes were studied as a function of contact time, pH, and metal ion concentration using kinetic and equilibrium experiments. The mineralogy, nano-structure, and chemical composition of the allophanes were characterized by X-ray diffraction, Fourier transform infrared spectroscopy, transmission electron microscopy, and specific surface area analyses. The evolution of adsorption fitted to a pseudo-first-order reaction kinetics, where equilibrium between aqueous metal ions and allophane was reached within <10 min. The metal ion removal efficiencies varied from 0.7 to 99.7% at pH 4.0 to 8.5. At equilibrium, the adsorption behavior is better described by the Langmuir model than by the Dubinin-Radushkevich model, yielding sorption capacities of 10.6, 17.2, and 38.6 mg/g for Ba 2+ , 12.4, 19.3, and 29.0 mg/g for HCoO − 2 ; 7.2, 15.9, and 34.4 mg/g for Sr 2+ ; and 20.9, 26.9, and 36.9 mg/g for Zn 2+ , by NatAllo, SynAllo-2, and SynAllo-1, respectively. The uptake mechanism is based on a physical adsorption process rather than chemical ion exchange. Allophane holds great potential to effectively remove aqueous metal ions over a wide pH range and could be used instead of other commercially available sorbent materials such as zeolites, montmorillonite, carbonates, and phosphates for special wastewater treatment applications.
Introduction
Pollution of groundwater and drinking water by heavy metals is increasingly becoming a major environmental issue worldwide. Heavy metals are typically released by the weathering of rocks and minerals and from a wide range of human activities such as agriculture, energy production, manufacturing, transportation, mining, and waste disposal [1] . They often cause deleterious effects on aquatic life and to the terrestrial environment [2, 3] . Contamination of surface water and groundwater with toxic and/or cancerogenic heavy metals and its subsequent use as a source of drinking water without previous treatment is a major threat to human health [4] [5] [6] . To date,~40% of the world's population suffers from water scarcity and lack access to unpolluted water or basic sanitation [7] . Consequently, there is a high demand for the development of new techniques and materials for wastewater treatment. In recent times, different techniques for the removal of aqueous metal ions have been developed and are routinely used in practice such as adsorption, precipitation, ion exchange, flocculation, sedimentation, membrane filtration, and electrochemical methods [8, 9] . Contemporarily, natural, and synthetic macro-, micro-, and nano-adsorbents and nano-composites have been manufactured and are now successfully applied in water processing plants.
Generally, a small particle size (<10-100 nm), a large specific surface area (>10 m 2 /g), and the presence of surface functional groups (i.e., ≡Al-OH • and ≡Si-OH • ) in adsorbents are favorable to ensure a desired adsorption rate and appropriate metal ion removal efficiency [10, 11] . Recently, agricultural and industrial waste products, activated carbon nanotubes, cellulose, carbonates, Feand Al-oxyhydroxides, zeolites, phosphates, and clay minerals are used in the remediation of water that is severely polluted with persistent and hazardous components such as heavy metal ions, dyes, antibiotics, biocide compounds, and other organic chemicals [12] [13] [14] [15] [16] . The use of clay minerals for wastewater treatment can be advantageous over other sorbents because of their worldwide occurrence, low mining and processing costs, and outstanding physicochemical and surface properties, making clay materials suitable for selective ion exchange, adsorption, and catalyst uses [1, 17, 18] .
The short range order aluminosilicate allophane (1-2SiO 2 ·Al 2 O 3 ·5-6H 2 O) is a naturally occurring clay mineral, which is distributed in volcanic ash layers and in soils worldwide. Allophane has a 3.5 to 5.0 nm sized hollow spherical structure with 0.3-0.5 nm sized defect sites (so-called perforations or pore regions) on its surface [19] [20] [21] . Allophane "nanoballs" are characterized by a high surface area (>300 m 2 /g). They are known to adsorb appreciable amounts of ionic or polar pollutants because of an amphoteric ligand capacity [17, 22, 23] . To date, the sorption properties of allophane have not been utilized in the remediation of wastewater. Basic studies are needed to explore the use of natural and synthetic allophanes for water clean-up, as literature dealing with the qualitative and quantitative assessment of the metal ion removal efficiencies and/or the determination of adsorption capacities of critical metal ions by allophanes is scarce. Specifically, only a few studies report on the preferential metal ion uptake by modified allophane (i.e., phosphate grafted), as discussed later in the paper, but there is an apparent knowledge gap with respect to the adsorption of potentially hazardous cations (e.g., Co, Ni, Zn, Pb) by chemically untreated allophanes. Moreover, although the prominent physical and electrochemical features of allophanes have been valued in earlier studies [10, 11, 17, 18, [21] [22] [23] , it remains questionable as to whether metal ion removal from solution by allophanes follows chemical ion exchange or a physical adsorption process, or a combination of the two mechanisms. Hence, in this study, we investigated the adsorption kinetics and the mechanisms of the uptake of aqueous Ba, Co, Sr, and Zn species by Ecuadorian allophane and two synthetic allophanes at 25 • C as a function of contact time, pH, and metal ion concentration. It is shown that all types of allophane tested revealed a high affinity to adsorb metal cations over a wide pH range and exhibit sufficiently high adsorption capacities, as seen by a comparative study of critical adsorption parameters (e.g., pH, concentration ranges, contact time, surface properties of adsorbents) and economic considerations (e.g., estimated production costs for different allophanes) between untreated natural and synthetic allophanes and other currently available mineral adsorbents. Besides, the metal ion-specific adsorption rates and the removal efficiencies of allophanes are presented as a function of chemical key parameters and are discussed in relation to the potential use of allophane in special water processing technologies.
Materials, Experimental, and Methods

Materials
Allophane-rich soil material from the "allophane facies" of the Santo Domingo de los Colorados deposit in Ecuador ("NatAllo") and two synthetic allophanes ("SynAllo-1" and "SynAllo-2") were used for the adsorption studies. NatAllo was used as received without further purification (sample 4-7; [24] ). SynAllo-1 and SynAllo-2 were precipitated by modifying the method of Wada et al. [25] . Briefly, 1.0 L of a stock solution containing 100 mM of Si(OH) 4 (Na 2 SiO 3 ·2H 2 O from Roth) was mixed with anhydrous AlCl 3 (SynAllo-1) or Al(NO 3 ) 3 ·9H 2 O salts (SynAllo-2) from Roth to obtain an initial aqueous molar Al/Si ratio of 1. The two different Al salts have been used to evaluate the performance of synthetic allophanes made of "costly versus cost-reduced" raw materials (i.e., the commercial price for Al(NO 3 ) 3 ·9H 2 O is about 20% less than for AlCl 3 per 1000 g). The experimental solution was adjusted to pH 6.0 ± 0.1 using a 0.1 M NaOH solution and mingled at 150 rpm for 2 h using a magnetic stirrer at 25 • C. Subsequently, the experimental solution was aged at 80 • C in a compartment drier within the sealed high-density polyethylene batch reactor. After 48 h, the experiments were terminated. The solids were separated by a 0.45 µm filter (Sartorius, cellulose acetate) using a suction filtration unit, washed with deionized water to remove electrolytes, and dried at 40 • C.
For 
Adsorption Experiments
Batch experiments were carried out to evaluate the effect of contact time, pH, and initial metal ion concentration on the adsorption capacity and on the rate of aqueous Ba, Co, Sr, and Zn removal by natural and synthetic allophanes at 25 • C. The effect of contact time on the adsorption behavior of aqueous metal ions by allophane was studied in a first set of experiments conducted at a constant pH of either 8.5 or 5.5, each ± 0.1 pH units. These experiments were carried out in 1.5 L high-density polyethylene reactors containing 1000 mL of the adsorbate (10 mg/L) and 2.0 g of the adsorbent. Immediately after placing the allophane in the reactor, the experimental solutions were adjusted to pH 8.5 or 5.5 with 0.1 M NaOH or 0.05 M HCl solutions. Fluid sampling (~1 mL) started instantly after the adjustment of the target pH value. Samples were taken after 10 s, 30 s, 1 min, 3 min, 5 min, 10 min, 1 h, and 1 day using a syringe (B.Braun, Omnifix ® Solo, Melsungen, Germany), filtered via 0.45 µm cellulose acetate filters (Sartorius, Göttingen, Germany) and acidified using HNO 3 of suprapure grade (Roth, ROTIPURAN ® , Karlsruhe, Germany).
The effect of pH on the uptake of aqueous metal ions by natural and synthetic allophanes was studied in a second set of batch experiments in the pH range from 8.5 to 4.0. The pH of the allophane suspensions was allowed to drift to a constant value (pH~7-8), which required less than 1 h. The suspensions were then adjusted to pH 8.5 ± 0.1 with 0.1 M NaOH solutions. All suspensions were stirred at 150 rpm for 2 h to ensure both the complete surface rehydration of the allophanes and the establishment of adsorption equilibrium between adsorbent and adsorbate. Afterwards, droplets of a 0.05 M HCl solution were added to the experimental solution to induce a pH decrease from 8.5 ± 0.1 to 4.0 ± 0.2. The stepwise addition of the acid and fluid sampling (~1 mL á~0.5 pH units) caused less than~1.3% change of the initial fluid volume in all experiments, and thus no corrections for the metal ion concentration in solution were made. All experiments were of short duration (<2 h) in order to minimize changes in the surface area and surface properties of the allophanes.
In a third set of experiments, the effect of metal ion concentration on the adsorption behavior of allophanes was investigated at pH 8.5 ± 0.1 for 2 h using 0.1 g of the adsorbent and 50 mL of solution containing Ba, Co, Sr, and Zn in different concentrations (1, 10, 20, 50 , and 100 mg/L). The suspensions were prepared in analogy to those from the second set of experiments. The fluid sampling strategy was identical to the procedure described above.
The amount of metal ions adsorbed on the allophanes (q e : mg/g) was calculated using Equation (1):
where c 0 and c e are the initial and the equilibrium concentrations of the adsorbate (mg/L), m is the dry mass of the adsorbent (g), and V is the volume of the adsorbate solution (L). The adsorption efficiency (% removal) is expressed by the percentage of removed adsorbate at equilibrium, according to Equation (2):
2.3. Analytical Methods
Fluid-Phase Characterization
The solution pH was measured at 25 • C with a SenTix 41 glass electrode connected to a WTW Multi 350i pH-meter, which was calibrated against NIST buffer standard solutions at pH 4.01, 7.00, and 10.00 (analytical error: ±0.05 pH units).
The total concentrations of aqueous Al, Ba, Co, Na, Si, Sr, and Zn were analyzed in acidified samples by inductively coupled plasma optical emission spectroscopy (ICP-OES) using a PerkinElmer Optima 8300 (Waltham, MA, USA). The analytical precision (2σ, 3 replicates) of the ICP-OES measurements was determined as ±2% for Ba, Na, Si, and Sr analyses and ±3% for Al, Co, and Zn analyses, respectively, relative to the NIST 1640a and SPS-SW2 Batch 130 standards.
The aqueous speciation of the solutions and the saturation degrees of the metal oxyhydroxides of Ba(II), Co(II), Sr(II), and Zn(II) were calculated using the PHREEQC software for Windows (version 2.18.00) in combination with its implemented Lawrence Livermore National Laboratory (LLNL) database at the experimental pH and temperature.
Solid-Phase Characterization
The mineralogy of the adsorbent materials was examined by X-ray diffraction (XRD) using a PANalytical X'Pert PRO diffractometer (Almelo, the Netherlands, Co-Kα radiation) operated at 40 kV and 40 mA and outfitted with a spinner stage, 0.5 • antiscattering slit, 1 • divergence slit, primary and secondary soller, and a high-speed Scientific X'Celerator detector. The specimens were examined in the range 4-85 • 2θ with a step size of 0.008 • 2θ and a counting time of 40 s per step. Mineral quantification was carried out by Rietveld refinement of the XRD patterns using the PANanalytical X'Pert Highscore Plus software package (version 2.2e, Almelo, the Netherlands) and a pdf-4 database.
Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy data were obtained for further characterization of the allophanes by a PerkinElmer Frontier FTIR (Waltham, MA, USA). Mid-infrared (MIR) spectra were recorded in the range from 4000−650 cm −1 at a resolution of 2 cm −1 .
The specific surface area of the natural and synthetic allophanes before and after the adsorption experiments was analyzed on dried (100 • C for 24 h) aliquots by the multi-point adsorption BET method using a Micrometrics FlowSorb II2300 (Norcross, GA, USA) and a He(69.8)-N 2 (30.2) mixture as the carrier gas. The estimated analytical uncertainty is ±10%.
The particle shape, the nano-structure, and the geochemical composition of the allophanes were analyzed by transmission electron microscopy (TEM) on a FEI Tecnai F20 (FEI, Hillsboro, OR, USA) operated at an accelerating voltage of 200 kV. This instrument is fitted with a single-crystal LaB 6 Schottky Field Emitter, a Gatan imaging filter, an UltraScan CCD camera for high-resolution imaging and selected area electron diffraction (SAED), and an EDAX Saphire Si(Li) detector for energy-dispersive X-ray spectroscopy (EDX) analysis. The TEM-EDX spectra were acquired using a counting time of 30 s to reduce element migration and element loss. The accuracy of the EDX results was verified by replicate measurements performed on a suite of phyllosilicate standards [26] [27] [28] . The analytical error was determined to be ± 2 at.% for Si and Al analyses.
Results and Discussion
Mineralogical Characterization of Allophane Adsorbents
XRD analysis confirmed the dominance of allophane in NatAllo (~78 wt.%; [24, 29] ), which also contains minor quantities (each <5 wt.%) of quartz, cristobalite, feldspar (albite and orthoclase), hornblende, halloysite, gibbsite, and goethite ( Figure 1 ). The XRD patterns of SynAllo-1 and SynAllo-2 exhibited two broad peaks centered at~3.4 Å and~2.3 Å, which is typical for short-range ordered aluminosilicates such as allophane. No indication for the formation of amorphous silica or discrete Al-O-OH phases such as boehmite and gibbsite was found in the synthetic precipitates, implying that SynAllo-1 and SynAllo-2 consist solely of allophane. However, in these samples, the presence of traces of amorphous Al-hydroxides cannot be excluded. The XRD patterns of natural and synthetic allophanes sorbed with Zn 2+ ions (for the experiments with aqueous Ba, Co, and Sr, similar patterns were obtained, but are not shown) do not reveal the formation of discrete Ba(II), Co(II), Sr(II), and Zn(II) oxyhydroxides, suggesting that chemical precipitation is negligible. 
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XRD analysis confirmed the dominance of allophane in NatAllo (~78 wt.%; [24, 29] ), which also contains minor quantities (each <5 wt.%) of quartz, cristobalite, feldspar (albite and orthoclase), hornblende, halloysite, gibbsite, and goethite ( Figure 1 ). The XRD patterns of SynAllo-1 and SynAllo-2 exhibited two broad peaks centered at ~3.4 Å and ~2.3 Å , which is typical for short-range ordered aluminosilicates such as allophane. No indication for the formation of amorphous silica or discrete Al-O-OH phases such as boehmite and gibbsite was found in the synthetic precipitates, implying that SynAllo-1 and SynAllo-2 consist solely of allophane. However, in these samples, the presence of traces of amorphous Al-hydroxides cannot be excluded. The XRD patterns of natural and synthetic allophanes sorbed with Zn 2+ ions (for the experiments with aqueous Ba, Co, and Sr, similar patterns were obtained, but are not shown) do not reveal the formation of discrete Ba(II), Co(II), Sr(II), and Zn(II) oxyhydroxides, suggesting that chemical precipitation is negligible. The MIR spectra of the allophanes before and after the adsorption experiments displayed very similar profiles. Figure 2 presents IR spectra of unreacted allophane and with sorbed Zn 2+ ions (for experiments with aqueous Ba, Co, and Sr, similar spectra were obtained, but are not shown). The IR bands of the metal ions adsorbed could not be resolved, because the adsorbate concentration is low relative to that of the adsorbent. The presence of halloysite in NatAllo is indicated by two IR bands in the OH-stretching region (3600-3700 cm −1 ). In addition, gibbsite and quartz were identified in this sample, which matches with the XRD results. The main lattice vibration bands of the allophanes are located between 1000-980 cm −1 and at 870 cm −1 due to Si-O-(Si) or Si-O-(Al) vibrations and Si-OH groups [19, 30, 31] . The IR spectra of SynAllo-1 and SynAllo-2 are similar to those reported for natural allophane, which shows that proto-imogolite allophane or imogolite structures did not form under the given experimental conditions [19, 25, 32] . The MIR spectra of the allophanes before and after the adsorption experiments displayed very similar profiles. Figure 2 presents IR spectra of unreacted allophane and with sorbed Zn 2+ ions (for experiments with aqueous Ba, Co, and Sr, similar spectra were obtained, but are not shown). The IR bands of the metal ions adsorbed could not be resolved, because the adsorbate concentration is low relative to that of the adsorbent. The presence of halloysite in NatAllo is indicated by two IR bands in the OH-stretching region (3600-3700 cm −1 ). In addition, gibbsite and quartz were identified in this sample, which matches with the XRD results. The main lattice vibration bands of the allophanes are located between 1000-980 cm −1 and at 870 cm −1 due to Si-O-(Si) or Si-O-(Al) vibrations and Si-OH groups [19, 30, 31] . The IR spectra of SynAllo-1 and SynAllo-2 are similar to those reported for natural allophane, which shows that proto-imogolite allophane or imogolite structures did not form under the given experimental conditions [19, 25, 32] . 
Structural and Chemical Characterization of Allophane Adsorbents
Representative TEM images of allophane nano-particles are shown in Figure 3 . The allophane particles from NatAllo, SynAllo-1, and SynAllo-2 are 5 ± 2 nm, 8 ± 3 nm, and 10 ± 5 nm, on average, in largest dimension and have an aspect ratio equal to 1. The SAED patterns of natural and synthetic allophanes display weak diffraction rings or smeared Bragg patterns (Figure 3e,f) , which is typical for short-range ordered aluminosilicates, that is, allophane. Such allophane structures are often described as ring-shaped, hollow spherules or allophane nano-balls [19, 31] . 
Representative TEM images of allophane nano-particles are shown in Figure 3 . The allophane particles from NatAllo, SynAllo-1, and SynAllo-2 are 5 ± 2 nm, 8 ± 3 nm, and 10 ± 5 nm, on average, in largest dimension and have an aspect ratio equal to 1. The SAED patterns of natural and synthetic allophanes display weak diffraction rings or smeared Bragg patterns (Figure 3e,f) , which is typical for short-range ordered aluminosilicates, that is, allophane. Such allophane structures are often described as ring-shaped, hollow spherules or allophane nano-balls [19, 31] . The specific surface areas are 294 m 2 /g for NatAllo, 358 m 2 /g for SynAllo-1, and 370 m 2 /g for SynAllo-2, respectively. These values are in the range of N 2 -BET values previously reported for natural allophanes (~200-400 m 2 /g) and synthetic allophanes (~250-900 m 2 /g) [10, 29, 33] . It is noteworthy that the BET values obtained before and after the adsorption experiments were identical to within the analytical precision of the BET analyses, which indicates that changes in the surface area and surface properties of the adsorbents are negligible throughout the experiments.
Allophanes are classified by their atomic Al/Si ratio, with Al-rich proto-imogolite allophane or imogolite-like allophanes (Al/Si = 2) and Si-rich halloysite-like or pumice allophanes (Al/Si = 1) as the members [19] . TEM-EDX analysis of cloud-like particle aggregates of NatAllo yielded an averaged atomic Al/Si ratio of 1.3 ± 0.2 (Figure 3d ), corroborating the atomic Al/Si ratio of 1.3-1.4 for Ecuadorian allophane previously reported in Kaufhold et al. [24] . Such allophanes are very often referred to as "stream deposit allophanes" or "silica springs allophane", according to Parfitt [19] . Minor amounts of Fe in NatAllo (Figure 3d ) most likely belong to fine-grained goethite particles, being dispersed in the allophane aggregates. The atomic Al/Si ratio of the synthetic allophanes was determined as 1.0 ± 0.1 (Figure 3d ), which is close to the Si-rich member.
Aqueous Speciation of Metal Ions Used as Adsorbates
The affinity between a chemical component and the adsorbent controls the extent at which an aqueous metal ion is adsorbed onto a mineral surface. Indeed, the aqueous speciation of a metal ion, pH, contact time, temperature, and the metal ion concentration are important factors that determine the kinetics and the efficiency of a given adsorption process [8, 12, 13, 33] . In these experiments, the aqueous speciation of Ba and Sr was predominated by "free" Ba 2+ , and Zn(OH)Cl aquo-complexes. From these data, it can be inferred that significant changes in the aqueous speciation of Co and Zn did occur in the pH-drift experiments.
All experimental solutions were undersaturated with respect to the least soluble oxyhydroxides of Ba(II), Co(II), and Sr(II) at any time throughout the experiments. However, in the case of aqueous Zn, the experimental solutions were oversaturated with respect to both the Zn(OH) 2 polymorphs and Zn 2 (OH) 3 Cl at pH ≥ 7.3, although none of the latter phases has been detected by XRD and FTIR analyses (Figure 2 ), which indicates that metal ion removal by chemical precipitation is insignificant.
Effect of Contact Time on the Adsorption Kinetics of Aqueous Metal Ions
The effect of contact time on the adsorption behavior of aqueous Ba, Co, Sr, and Zn by allophane adsorbents was investigated at pH values of either 8.5 or 5.5 (reflecting the observed minimum and maximum adsorption efficiencies; see Section 3.3.3.). It can be inferred from Figure 4 that the metal ion uptake by allophane increased significantly within 3-5 min, but it slowed down afterwards because of both a decrease in the binding sites of the adsorbents and a decrease in the metal ion concentration in solution. More specifically, for aqueous Ba, Sr, and Zn, adsorption has been completed within less than 5 min at pH 8.5 (Table 1) , while aqueous Co needed 10 min to reach equilibrium. As expected, the removal efficiency strongly decreased and the time to reach adsorption equilibrium increased at decreasing pH (Table 1) . This is because the ≡Al-OH • and ≡Si-OH • groups are more protonated under acidic conditions and potential binding sites are less available to retain metal ions [30] . The kinetics of the metal ion uptake by allophane was described by a pseudo-first-order (PFO) model [16, 34] , according to Equation (3):
where q e and q t are the amounts of adsorbate uptake per mass of adsorbent (mg/g) at equilibrium and at time t (min), and k (1/min) is the rate constant of the PFO function. It is noteworthy that the plot of Equation (3) is linear and the calculated and measured q e values match perfectly (slope: 0.998; n = 24; R 2 = 0.987), which proves the ability of the PFO model to fit the experimental data [16] . The calculated values for k and q e are reported in Table 1 . It can be seen from the kinetic data that metal ion uptake is an exceptionally fast process, which suggests a high affinity of all allophanes to specifically adsorb metal ions. Furthermore, one can see that 5-10 min is enough to achieve adsorption equilibrium under the experimental conditions used in this study, which indicates that physical adsorption rather than ion exchange mainly contributes to the removal of metal ions by natural and synthetic allophane adsorbents. This finding is in line with previous experimental results, where allophane has been successfully used in the remediation of aqueous solutions that were contaminated with, for example, heavy metals cations [15, 22, 33, 35] , metal (oxy)anions [18, 23, 30] , heterocyclic organic components [10] , anionic surfactants, and organic acids [17, 23] . Unfortunately, in most of these works, high reaction times (e.g., 24 h or longer) have been used and no kinetic data are provided [10, 15, 18, 22, 23, 30, 35] , which greatly complicates the comparison of the adsorption kinetics of, for example, allophanic soils and synthetic allophanes. However, adsorption data for the uptake of Pb 2+ , sodium linear alkylbenzene sulfonate, and anthracene by soil allophanes and synthetic allophanes [17, 33] generally indicate that adsorption remained constant after 1 h or less, suggesting the uptake of different pollutants by allophanes proceeds very fast.
Effect of pH on Metal Ion Removal Efficiency
Metal ion uptake by allophane depends mainly on pH as acidity affects the aqueous speciation of the metal ions and the (de)protonation degree of the functional ≡Al-OH • and ≡Si-OH • groups at the allophane surface [19, 30, 35] . Figure 5 presents the evolution of the amounts of aqueous Ba, Co, Sr, and Zn adsorbed on allophane from pH 4.0 to 8.5. The corresponding metal ion removal efficiencies at pH 8.5 and pH 4.0 are reported in Table 1 . Metal ion uptake by NatAllo was low at pH ≤ 5.0, followed by an adsorbate-dependent increase at pH 5.5 to 7.5 and attained a maximum at pH ≥ 8.0 ( Figure 5 ). SynAllo-1 revealed the highest removal efficiency (i.e., ≥95% removal) for aqueous Ba at pH 4.0-8.5, Sr at pH 4.5-8.5, Zn at pH 5.5-8.5, and Co at pH 6.0-8.5. SynAllo-2 displayed lower removal efficiencies than SynAllo-1, but it exhibited a good performance at pH ≥ 7.0. NatAllo showed the highest pH-dependency for the metal ion uptake ( Figure 5 ).
The obtained results reflect the affinity of the aqueous metal ions to bind to charged allophane surfaces and the tendency to hydrolyze [22] . Si-rich allophane (like SynAllo-1 and SynAllo-2) has a permanent (structural) negative charge, while Al-rich allophane (NatAllo) has a higher amount of variable (pH-dependent) charges [36] , which could explain the pH-depended metal ion uptake of NatAllo, relative to SynAllo-1 and SynAllo-2 ( Figure 5 ). However, the allophane surface exhibits a positive charge under acidic conditions and thus the metal ion uptake is limited because of repulsive electrostatic forces below the point of zero charge (PZC) value [30] . Thus, net adsorption increases significantly towards near-neutral to alkaline conditions, close to or above the PZC value, which is 7.8 to 9.4 for synthetic allophanes and 5.5 to 6.5 for natural allophones, as reported in the literature [21, 30, 31] . With respect to metal ion uptake from solution, the latter indicates that natural allophanes should perform better under near-neutral to slightly alkaline conditions (e.g., pH 6-9) than synthetic allophanes for the electrochemical reasons discussed above. Although comparative studies on the pH-dependency of the adsorption of aqueous metal ions by allophanes are scarce, experimental data typically reveal a better performance of the synthetic versus natural allophanes, even at lower pH values [10] , corroborating the results obtained in this study ( Figure 5 ). The reasons for this behavior are not completely understood yet, but the following influencing factors, besides apparent differences in atomic Al/Si ratios, PZC values, and surface areas, may be relevant; presence or absence of colloidal organic matter and Fe-oxyhydroxides in allophanic soils versus synthetic allophanes. In this line, the presence of trace amounts of goethite on the allophane surface could affect the surface (charge) properties of NatAllo (Figure 3) , that is, blocking potential adsorption sites and thus lowering the efficiency of metal ion uptake. The small differences in the N 2 -BET values (294 to 370 m 2 /g) cannot explain the large differences observed in the removal efficiencies of NatAllo, SynAllo-1 and SynAllo-2. 
Effect of Metal Ion Concentration on the Adsorption Efficiency
The metal ion concentration plays an important role on controlling the adsorption behavior of allophane. Figure 6 (left panel) shows that the adsorption efficiency increased almost proportionally at higher initial metal ion concentrations, but it slowed down at concentrations higher than 50 mg/L because of the progressive saturation of the binding sites on the allophane surfaces [13] . All allophanes exhibited highly metal ion-specific removal efficiencies. SynAllo-1 revealed a better adsorption for Ba 2+ Figure 6 (right panel) shows the plots of adsorption quantities versus the metal ion concentrations at equilibrium for the removal of aqueous Ba, Co, Sr, and Zn by the allophane absorbents at pH 8.5. The isotherms initially increase sharply at low metal ion concentrations, which suggest that plenty of binding sites are available for adsorption. At higher metal ion concentrations, however, the curves become more flattened, which indicates that no more binding sites at the allophane surfaces are available for further adsorption and that a certain adsorption maximum has been reached. Over the last decades, a huge variety of models have been developed to describe adsorption isotherms, but the most commonly used models are the Langmuir, Freundlich, Dubinin-Radushkevich (D-R), and Redlich-Peterson models. The advantages, disadvantages, and limitations of these models are discussed in detail in the review paper by Tran et al. [16] . In this study, the Langmuir equation and the D-R model are used to describe the isotherms, because these models are considered to properly describe the adsorption on porous and heterogeneous materials with known surface characteristics, as for allophane. The linear form of the Langmuir model [38] is defined as Equation (4).
where Q 0 max denotes the maximum monolayer adsorption capacity of an adsorbent (mg/g) and K L is the Langmuir adsorption constant (L/mg), which is related to the affinity between the adsorbent and the adsorbate. The values for Q 0 max and K L were computed from the slope and the interception of the linearized plots of C e /q e versus C e and are reported in Table 2 . From these values, one can see that the obtained adsorption data are adequately described by the Langmuir model. Following the recommendations of Tran et al. [16] , the separation factor R L (which is sometimes referred to as the equilibrium parameter) has been calculated, according to Equation (5) .
The separation factor is a dimensionless constant, which describes the shape of an isotherm in a given solid-liquid adsorption system. An adsorption process is irreversible at R L = 0, favorable at 0 < R L < 1, linear at R L = 1, and unfavorable at R L > 1. The R L values are shown in Table 2 and indicate that metal ion adsorption by allophane was favorable for all metal ion concentrations. The D-R isotherm model has been often used to describe sorption phenomena at homogeneous and heterogeneous surfaces. The linear forms of the D-R equation [39] can be written as Equations (6) and (7):
where q DR is the maximum monolayer adsorption capacity (mg/g); K DR denotes the D-R model constant (mol 2 /kJ 2 ) related to the mean free energy of adsorption per mole of adsorbate as it migrates to the surface of a given adsorbent from an infinite distance in the aqueous solution; ε is the Polanyi potential (J 2 /mol 2 ); and R and T are the universal gas constant (8.314·10 3 kJ/(mol·K)) and the absolute temperature (K), respectively. The values for q DR and K DR are reported in Table 3 . From the activity coefficient K DR the mean free energy of the adsorption process is derived from Equation (8):
where E is the free energy change (kJ/mol), which is required to transfer one mole of aqueous metal ions to the adsorbent's surface. Typical values for E range from 8 to 16 kJ/mol, if the adsorption follows ion exchange, and <8 kJ/mol if physical adsorption dominates. The calculated E values are reported in Table 3 and indicate that metal ion uptake by allophane follows physical adsorption rather than chemical ion exchange. It has to be noted that the formation of metal bidentate and monodentate ligands with deprotonated surface OH groups and subsequent strong electrostatic interaction with the charged allophane surfaces could have also contributed to the net uptake of aqueous metal ions. Although the dimension of this mechanism cannot be resolved from the present datasets, such surface processes could explain in parts the large differences observed in the adsorption of aqueous Ba, Co, Sr, and Zn by allophanes ( Figure 6 ). Future work should concentrate on describing and quantifying the proportions of metal ion removal by chemisorption and physical adsorption by natural and synthetic allophanes using, for example, synchrotron-based X-ray absorption fine structure spectroscopy studies. Moreover, incongruent dissolution of allophane and the subsequent precipitation of secondary Al-(Ba, Co, Sr, Zn)-phases or hydrous (Ba, Co, Sr, Zn)-aluminosilicates cannot be ruled out under the experimental conditions used in this study, although the aqueous Si and Al concentrations remained always below 0.9 and 0.4 mg/L, respectively, which is equivalent to a theoretical dissolution quota of <0.3% for allophane. For these reasons, in the following sections, we use the term "sorption" to describe the uptake of aqueous metal ions by allophane. It can be concluded from the shape of the linearized Langmuir and D-R isotherm plots and their correlation coefficients (R 2 values), that our experimental data fit better to the Langmuir model than to the D-R model. Accordingly, the sorption capacity of SynAllo-1 is 38.6 mg/g for Ba 2+ , 29.0 mg/g for HCoO − 2 , 34.4 mg/g for Sr 2+ , and 36.9 mg/g for Zn 2+ , which is two to three times higher than the load of these metal ions on SynAllo-2 and NatAllo. The reasons for this may include differences in the amount and distribution of permanent and variable charges, Al/Si ratios, BET, and PZC values and presence of traces of goethite in NatAllo versus SynAllo-1 and SynAllo-2, as discussed in Section 3.3.3. 
Comparative Analysis of Sorption Capacities of Allophane and Other Materials
The sorption capacities of some other recently available sorbents for aqueous Ba, Co, Sr, and Zn are given in Table 4 . It is evident that the sorption capacities of NatAllo, SynAllo-1, and SynAllo-2 for Ba 2+ , HCoO − 2 /Co 2+ , Sr 2+ , and Zn 2+ ions are equal or higher than most carbonates, phosphates, clay minerals, and zeolites, but are lower than goethite, activated carbons components, and nanoscale-Se, though such an evaluation is difficult for the reasons given below and discussed in De Gisi et al. [40] . From the recent review paper by De Gisi et al. [40] , it becomes clear that a direct comparison of adsorption data obtained from different sorbents is rather difficult, because of inconsistencies in the literature data and apparent differences in the test conditions and matrices used; thus, the accurate assessment of the applicability of (low-cost) sorbents for wastewater treatment is often delicate and should be valued separately for individual cases. As the test conditions used in this study, as well as the characteristics of the allophones, are tendentially comparable with the specifications of the other materials (Table 4) , we suppose that a qualitative evaluation between the different sorbents may be valid. In this light, the metal-ion specific sorption capacities obtained for the natural and synthetic allophanes are well in the range of adsorption data previously reported for agricultural, household, and industrial waste sorbents, as well as sludge, soil, and ore materials used for the removal of heavy metals [40] .
Application of Allophane in Water Processing Technologies
A great variety of treatment technologies is currently available for wastewater purification [8, 9] . Most of these techniques, that is, ion exchange, membrane filtration, and electrochemical methods, have high operational and maintenance costs and the toxic waste produced has to be disposed separately, causing economic and environmental problems. In wastewater treatment plants, critical pollutants (e.g., heavy metal ions) are nowadays removed from solution by biological conditioning or chemical oxidation; adsorption processes are also applied to extract contaminants that may remain in solution after passing the initial processing steps. Specifically, metal ion removal by adsorption is considered to be a good alternative in wastewater purification, because this method is easy-to-handle, simple and relatively cost-efficient, compared with the other technologies [40] . At present, the most commonly used sorbents are activated carbon components. However, their use in wastewater treatment plants is sometimes restricted, mainly because of the higher costs (~US$20-1000 up to US$22,000 per ton), partly limited regeneration capacity, and lavish disposal after service life, compared with other low-cost adsorbents [8, 9, 40] . In this line, different raw materials and novel (nano-)composites have been examined in recent years for their applicability to remove hazardous metal ions from wastewater and to generally replace activated carbons.
Because of the very high affinity to bind aqueous metal ions, natural allophanes are good candidate materials to be used for the processing of solutions that are severely contaminated with persistent heavy metals. The high sorption capacity of NatAllo for PO 3− 4 (37.5 mg/g), AsO 3− 4 (17.6 mg/g), and F − (3-5 mg/g) ions has already been proven, rendering this material suitable as an anion absorber [18, 36] . The results obtained herein further indicate that natural and synthetic allophanes hold a great potential to effectively remove aqueous Ba, Co, Sr, and Zn over a wide pH range ( Figure 5 , Table 4 ). However, exploitable allophane deposits of high quality are relatively rare and estimated mining costs for the Ecuadorian allophane are in the range of~US$200-600 per ton; thus similar to halloysite, but significantly higher than other economic clay mineral deposits, such as the Wyoming bentonite (~US$30-100 per ton) and Georgia kaolinite (~US$50-400 per ton). Although a market for synthetic allophanes is barely there, the estimated manufacturing costs should be in the range of low-price to high purify synthetic zeolites, which is~US$300 up to US$20,000 per ton. Therefore, the application of synthetic allophanes as sorbents in wastewater treatment plants is probably not yet sustainable. However, the applicability of using alternating layers of natural and synthetic allophanes and other low-cost sorbents (e.g., montmorillonite, geopolymers, and calcium-silicate-hydrates) in filter systems for water clean-up may be considered for a better cost-effectiveness [56] [57] [58] . From the application site, it is important to ensure a good performance, a proper workability, and a high robustness against modifications in surface charge and electrochemical properties, which could reduce the effectiveness of an adsorbent. Irreversible changes in the allophane properties can be induced during, for example, drying, grinding, heat treatment, and phosphate grafting [18, 35] . For example, Kaufhold et al. [18] observed a lower F − sorption capacity for calcined, granulated, and dried (at 60 • C) Ecuadorian allophane, compared with naturally moist material. Indeed, drying and heating can cause a decrease of the reactive ≡Al-OH • groups through the formation of ≡Al-O-Al≡ bridges between the allophane primary particles. This process is well-known to affect the surface acidity and decreases the sorption capacity of allophane [59] . Thus, drying of the allophanes could have led to an alteration of their surface (charge) properties, which partly explains the differences observed in their sorption capacities (Table 4) . Further experiments with allophane suspensions and materials produced by using different drying and grinding methods have to be done to elucidate the effect of sample treatment on the metal ion removal efficiency and adsorption properties of natural and synthetic allophanes. The evaluation of the adsorption behavior revealed that all allophane adsorbents tested in this study exhibited a performance equal or better than the other available mineral adsorbents such as zeolites, montmorillonite, carbonates, and phosphates used for the removal of aqueous Ba, Co, Sr, and Zn (Table 4 ). The XRD, FTIR, and TEM data (Figures 1-3) indicate that SynAllo-1 and SynAllo-2 consisted of pure allophane, causing a higher sorption capacity, compared with NatAllo. The sorption capacity of SynAllo-2 was lower than expected, particularly in view of its high allophane content and its highest specific surface area. This indicates that the sorption capacity does not solely depend on the purity of an absorbent and that the specific surface area plays only a minor role. This finding is consistent with previous results [18, 22, 35] , where the sorption efficiency was directly related to the amount of ≡Al-OH • groups in allophane. Herein, it was impossible to quantify the ≡Al-OH • groups because of the presence of halloysite in NatAllo and varying amounts of polymeric SiO x attached on the octahedral sheet of the synthetic allophanes. A combination of PZC measurements, X-ray absorption fine structure spectroscopy methods, and in situ Raman techniques should be applied to specify the surface charge characteristics of allophanes. In essence, allophane could be applied for remediating wastewater that is contaminated with hazardous metal ions, yet its operating efficiency has to be proven. In order to demonstrate the analogous performance of the allophane adsorbents under identical conditions with real metal ion ridden wastewater, further tests regarding the colloidal stability of allophane suspensions and the possibility to regenerate metal ion-loaded allophane (i.e., desorption and regeneration studies) have to be performed.
Conclusions
Natural allophane (NatAllo) from Ecuador and synthetic allophanes (SynAllo-1 and SynAllo-2) can be effectively used for the removal of aqueous Ba, Co, Sr, and Zn over a wide pH range (e.g., 5.5 ≤ pH ≤ 8.5). Kinetic experiments revealed that the metal ion uptake by allophane reached equilibrium within less than 10 min at 4.0 ≤ pH ≤ 8.5, and can be adequately described by a pseudo-first-order reaction kinetics. The Langmuir model described the adsorption behavior at equilibrium better than the Dubinin-Radushkevich model. The sorption capacity of SynAllo-1 was determined as 38.6 mg/g for Ba 2+ , 29.0 mg/g for HCoO ions at pH 8.5, which is two to three times higher than for SynAllo-2 and NatAllo. The mean free energy of the adsorption process was calculated to be between 6 and 8 kJ/mol, which indicates that metal ion uptake by allophane is governed by physical adsorption rather than by chemical ion exchange. All allophane adsorbents tested showed sorption capacities comparable to other recently available materials such as zeolites, clay minerals, carbonates, and phosphates, and could thus be used for wastewater treatment because of their high adsorption capacity, worldwide occurrence, and low cost. 
